After subarachnoid hemorrhage (SAH), pathologic changes in cerebral arteries contribute to delayed cerebral ischemia and poor outcome. We hypothesize such changes are triggered by early intracellular signals, targeting of which may prevent SAH-induced vasculopathy. We performed an unbiased quantitative analysis of early SAH-induced phosphorylations in cerebral arteries and evaluated identified signaling components as targets for prevention of delayed vasculopathy and ischemia. Labeled phosphopeptides from rat cerebral arteries were quantified by high-resolution tandem mass spectrometry. Selected SAH-induced phosphorylations were validated by immunoblotting and monitored over a 24-hour time course post SAH. Moreover, inhibition of key phosphoproteins was performed. Major SAH-induced phosphorylations were observed on focal adhesion complexes, extracellular regulated kinase 1/2 (ERK1/2), calcium calmodulin-dependent kinase II, signal transducer and activator of transcription (STAT3) and c-Jun, the latter two downstream of ERK1/2. Inhibition of ERK1/2 6-hour post SAH prevented increases in cerebrovascular constrictor receptors, matrix metalloprotease-9, wall thickness, and improved neurologic outcome. STAT3 inhibition partially mimicked these effects. The study shows that quantitative mass spectrometry is a strong approach to study in vivo vascular signaling. Moreover, it shows that targeting of ERK1/2 prevents delayed pathologic changes in cerebral arteries and improves outcome, and identifies SAH-induced signaling components downstream and upstream of ERK1/2.
INTRODUCTION
Subarachnoid hemorrhage (SAH) inflicts disability and death on thousands of individuals each year. Subarachnoid hemorrhage is associated with two phases of reduced cerebral blood flow (CBF), each of which may cause severe brain damage. In the acute phase, spasmogens in the extravasated blood induce cerebral vasoconstriction for up to several hours. In the delayed phase occurring several days later in around 40% of SAH patients, a complex cerebral vasculopathy develops and contributes to a prolonged CBF reduction. 1 Cerebral vasculopathy after SAH involves multiple factors including cerebral vasospasm, 1 vascular inflammation, 2 endothelial dysfunction, 3 and upregulation of vasoconstrictor receptors, 4 but the underlying molecular mechanisms are far from fully understood. We hypothesize that intracellular signals activated in cerebral arteries soon after SAH trigger a range of protein expression changes involved in the later vasculopathy. Thus, early intracellular cerebrovascular signals after SAH, hitherto receiving little attention, may hold a key to novel effective treatments for delayed cerebral vasculopathy and ischemia after SAH.
A number of recent studies have explored the therapeutic potential of inhibitors of common intracellular signaling components like protein kinase C, 5 Ras, 6 extracellular regulated kinase 1/2 (ERK1/2), 7 c-Jun, N-terminal kinase, 8 and p38 9 in SAH. However, these studies focus on single signaling pathways studied several days after SAH. Unbiased global studies of cerebrovascular signaling early after SAH and its role in delayed vasculopathy have not been performed.
Quantitative mass spectrometry (MS) has emerged as the method of choice to investigate cell signaling pathways and other intracellular events regulated by phosphorylation in a global and unbiased fashion. More than 100,000 phosphorylation events have been identified by MS and the combination of stable isotope labeling, advances in phosphopeptide enrichment techniques, MS and data reporting standardization has enabled sensitive quantification of phosphorylation changes in complex tissue samples. 10 This is exponentially increasing our understanding of signaling in health and disease.
In this study, we performed an MS-based phosphoproteomic analysis on cerebral artery tissue early after SAH, demonstrating that this is a strong methodology for dissection of acute in vivo signaling events in vascular tissue. Selected SAH-induced signaling events identified by MS were validated by immunoblotting, and monitored over a time course of 24 hours post SAH. Moreover, pharmacological inhibition of key signaling events was performed and the effects on other signaling components, delayed cerebrovascular upregulation of vasoconstrictor receptors and matrix metalloprotease-9 (MMP-9), cerebrovascular wall thickness, and neurologic outcome were investigated.
MATERIALS AND METHODS SAH and Treatments
All experiments were performed in accordance with national guidelines and regulations for use of experimental animals and were approved by the Danish Experimental Animal Inspectorate (approval no.2011/561-2025).
Male Sprague-Dawley rats (300 to 350 g) were anesthetized using 3.5% isoflurane (Abbott Laboratories, Abbott Park, IL, USA) in atmospheric air/O 2 (70: 30) . Rats were orally intubated and kept on artificial ventilation with inhalation of 1% to 2% isoflurane in N 2 O/O 2 (70:30) during the surgical procedure. Respiration was monitored by regularly withdrawing blood samples to a blood gas analyzer (Radiometer, Copenhagen, Denmark). Body temperature was maintained at 371C by a homeothermic heating pad regulated by a rectal temperature probe. Mean arterial blood pressure was measured via a tail artery catheter and intracranial pressure was measured via a catheter placed in cisterna magna. On the right side of the skull, 4 mm anterior from the bregma and 3 mm to the midline, a hole was drilled through the bone to the dura mater without perforation and a laserDoppler probe was placed to measure CBF.
A 27 G blunt cannula with a side hole facing right was stereotactically placed 6.5 mm anterior to the bregma in the midline at an angle of 301 to the vertical plane, placing the tip of the needle just in front of the chiasma opticum. After 30 minutes of equilibration, 250 mL of blood was withdrawn from the tail catheter and injected into the prechiasmatic cistern at a pressure equal to mean arterial blood pressure. Subsequently, rats were maintained under anesthesia for another 60 minutes to allow the animal to recover. The intracranial pressure catheter was cut and sealed with a removable plug 2 cm from the tip. The tail catheter, the needle, and the laser-Doppler probe were removed and incisions closed. Rats were revitalized and extubated. At the end of surgery and every 24 hours until termination, rats received a subcutaneous injection of Carprofen (4 mg/kg) (Pfizer, Ballerup, Denmark) and 10 ml of isotonic saline subcutaneous for hydration. Sham-operated rats went through the same procedure with the exception that no blood was injected intracisternally.
One hundred and six rats were utilized for this study. For MS, 20 rats (10 sham and 10 SAH) terminated 1 hour post surgery and 20 rats (10 sham and 10 SAH) terminated 0.5 hour post surgery were used. Table 1 lists the numbers of animals used in follow-up studies of selected phosphoproteins and treatment with signal transduction inhibitors.
U0126 and KN93 for short-term treatment (up to 12 hours post SAH) were given as 25 mL of 10 À 4 mol/L solutions in isotonic saline with 1% DMSO. For longer-term treatments, U0126 was given as 25 mL of a 10 À 5 mol/L solution and STAT3 inhibitor (STAT3 inhibitor IV cell-permeable peptide, Calbiochem) as 25 mL of a 0.25 10 À 2 mol/L solution, both in saline þ 0.1% DMSO. All treatments were given intrathecally into cisterna magna. Timing of the treatments are given in Table 1 .
Cerebral Artery Tissue Lysis and Peptide Preparation
Cerebral arteries (basilar artery, middle cerebral arteries, and Circle of Willis) were isolated by dissection and carefully cleared for connective tissue and blood. The tissue was snap frozen in isopentan on dry ice and stored at À 801C. Lysis buffer (0.1 mol/L Na 2 CO 3 with phosphatase and protease inhibitors) was added, samples were sonicated, incubated on ice with shaking for formation of membrane microsomes, and ultracentrifuged at 100,000 g at 41C to pellet membrane fraction. Supernatant (cytosolic fraction) was removed and pellet resuspended in 6 mol/L urea, 2 mol/L thiourea, 50 mmol/L triethylammonium bicarbonate, and 1% SDS.
Proteins (in either cytosolic or membrane fractions) were precipitated with trifluoroacetic acid (TFA) and protein pellets resuspended in 6 mol/L urea, 2 mol/L thiourea, 50 mmol/L TEAB, pH 8.0, and reduced with 10 mmol/L dithiothreitol for 1 hour at 251C and alkylated with 25 mmol/L iodoacetamide for 1 hour at 251C in the dark. The reaction was diluted 1:10 with 50 mmol/L TEAB, and an aliquot was removed for protein concentration determination using Qubit (Life Technologies Europe BV, Naerum, Denmark). Protein was digested with trypsin (50:1 substrate:enzyme) for 16 hours at 301C, acidified to 2% (v/v) formic acid, centrifuged at 12, 000 Â g for 15 minutes and the peptide containing supernatant removed.
Peptides were quantified with Qubit (Invitrogen) and 62 mg or 25 mg of peptide from cytosolic and membrane groups, respectively, was labeled with isobaric tags for relative and absolute quantification (iTRAQ; Life Technologies) according to manufacturer's instructions. The reaction mixtures for each group were mixed 1:1:1 and an aliquot checked by MALDI-TOF/TOF-MS (data not shown).
Phosphopeptide Enrichment
The labeled peptides were diluted 10-fold with TiO 2 Loading Buffer (1 mmol/L glycolic acid in 80% ACN, 5% TFA). This solution was incubated with 3 mg TiO 2 beads for 15 minutes at room temperature with gentle agitation. The suspension was then centrifuged at 1,000 Â g for 1 minute. The supernatant was removed and the beads washed with TiO 2 loading buffer. The suspension was centrifuged at 1,000 Â g for 1 minute. The supernatant was removed and the beads washed with Washing Buffer 1 (80% ACN, 2% TFA) and centrifuged at 1,000 Â g for 1 minute. The supernatant was removed and the beads washed with Washing Buffer 2 (20% ACN, 0.2% TFA) and centrifuged at 1,000 Â g for 1 minute. The supernatant was removed and the modified peptides eluted with 1% ammonium hydroxide, pH 11.3 by vortexing for 15 minutes followed by centrifugation at 1,000 Â g for 1 minute. The supernatant was removed, acidified to 10% formic acid, 0.1% TFA, and the phosphopeptides purified using a C18/POROS Oligo R3 reversed phase micro-column as described previously, 11 dried by vacuum centrifugation, and stored at À 201C.
TSK Amide-80 Hydrophilic Interaction Liquid Chromatography Peptide Fractionation
Peptide fractionation was performed as described previously. 12 Briefly, peptides were resuspended in 90% MeCN, 0.1% TFA, and loaded onto a 450 mm OD x 320 mm ID x 17 cm microcapillary column packed with TSK Amide-80 (3 mm; Tosoh Bioscience, San Francisco, CA, USA) using an Agilent 1200 Series HPLC (Agilent, Santa Clara, CA, USA). The HPLC gradient was 100% to 60% solvent B (A ¼ 0.1% TFA; B ¼ 90% MeCN, 0.1% TFA) in 30 minutes at a flow rate of 6 mL/minute. Fractions were collected every 1 minute and combined into 10 fractions depending on the intensity of UV 
Analysis of Mass Spectrometry Data
Raw data generated were processed using Proteome Discoverer v1.2beta (Thermo Fisher Scientific) into .mgf files and searched against the IPI rat database v3.76 using the MASCOT program (v1.12). Database searches were performed with the following fixed parameters: precursor mass tolerance of 10 p.p.m., product ion mass tolerance of 0.02 Da, carboxyamidomethylation of Cys, and 1 missed cleavage. Searches were also conducted with the following variable modifications: oxidation of Met; iTRAQ labeling of N-terminus and Lys; phosphorylation of Ser, Thr, Tyr; Quantification was performed using Proteome Discoverer with HCD MS/MS reporter ion integration within a 50 p.p.m. window. All searches were filtered to o1% false discovery rate by searching a reversed-concatenated IPI rat database v3.76. Phosphorylation site localization was aided by the use of a mascot delta score48 (ref. 13 ) combined with manual validation. Peptide ratios were normalized by the median of the unmodified peptides. Intensity-based standard deviations were calculated using a sliding window script developed in R-project. 14 Significant changes were calculated using a |z-score|41.96 representing a 95% confidence level. 15 
Western Blotting
The basilar artery (BA) and both MCAs were isolated, cut to a length of exactly 4 mm each, snap frozen as one pooled sample for each rat and lysed in 70 mL boiling LDS sample buffer containing 50 mmol/L dithiothreitol. A total of 20 mL of each sample was separated by 4% to 20% SDS-PAGE (RunBlue, Expedeon, Cambridgeshire, UK) and transferred to a Polyvinylidene difluoride membrane. Membranes were blocked in TBS-T þ 5% bovine serum albumin for 1 hour at room temperature and then incubated overnight at 41C with mouse primary antibodies (see below) followed by incubation with horse-radish peroxidase-conjugated goat antimouse IgG antibody (Pierce/Thermo Scientific, Rockford, IL, USA) 1:10,000 for 1 hour at room temperature. Labeled proteins were developed using Lumigen TMA-6 chemiluminiscence solutions (GE Healthcare, Buckinghamshire, UK). Subsequently, membranes were extensively washed in TBS-T and reprobed with rabbit primary antibodies (see below) overnight at 41C followed by incubation with enhanced chemiluminescence (ECL) horseradish peroxidase-conjugated donkey anti-rabbit IgG antibody (GE Healthcare) for 1 hour at room temperature and development of labeled proteins. Finally, as a loading control, membranes were washed and reprobed with mouse anti-actin antibodies followed by anti-mouse secondary antibodies as described above. Labeling chemiluminiscence intensities were quantified using the software Image Gauge V4.0 (Fujifilm, Tokyo, Japan) and presented as ratios between band intensities in blots using phosphospecific antibodies and intensities of corresponding bands in blots showing total amounts of the protein.
Primary antibodies: Mouse anti-rat ERK (Cell Signalling Technology, Danvers, MA, USA), mouse anti-rat calcium calmodulin-dependent kinase II (CaMKII) (Abcam, Cambridge, UK), mouse anti-rat focal adhesion kinase (FAK) (BD Biosciences, Albertslund, Denmark), mouse anti-rat STAT3 (Cell Signalling Technology), mouse anti-rat c-Jun (Tocris Biosciences, Abingdon, UK), mouse anti-rat actin (Abcam), Rabbit anti-rat phospho-ERK (Thr202/Tyr204), rabbit anti-rat phospho-CaMKII (Thr286), rabbit anti-rat phospho-FAK (Tyr397), rabbit anti-rat phospho-STAT3 (Ser727), rabbit anti-phospho-STAT3 (Tyr705), rabbit anti-rat phospho-c-Jun (Ser73) (all Cell Signalling Technology), and rabbit anti-rat phospho-FAK (Ser910) (Abcam).
Histology and Immunohistochemistry
Middle cerebral arteries were snap frozen in TissueTek, cryosectioned, and fixed in Steffanini's fixative. Sections were stained with hematoxylin-eosin using a standard protocol. A cross was fixed on the screen and the image moved so the cross was placed in the middle of the vessel. Wall thickness was measured 12, 3, 6, and 9 O'clock in three sections of each vessel and means calculated.
Immunohistochemical assessment of protein expression levels of the 5-HT 1B receptor (rabbit, 1:100, ab13896, Abcam, UK), IL-6 (rabbit, 1:400, ab6672, Abcam), and MMP-9 (rabbit, 1:400, ab7299, Abcam) in cerebral arteries was performed using indirect immunohistochemistry. Briefly, the sections were rehydrated for 15 minutes in phosphate-buffered saline (PBS) containing 0.25% Triton X-100 (PBS-T, Merck Millipore, Billerica, MA, USA), and thereafter exposed to primary antisera in PBS-T containing 1% bovine serum albumin overnight in a moist chamber at þ 41C. Sections were then rinsed in PBS-T for 2 Â 15 minutes followed by incubation with secondary antibodies (Texas Red 1:100 for ET B , FITC 1:100 for the other primary antibodies, Jackson ImmunoResearch, West Grove, PA, USA) for 1 hour in dark at room temperature. Thereafter, sections were rinsed in PBS-T for 3 Â 10 minutes in room temperature and mounted with mounting medium Vectashield containing 4 0 ,6-diamino-2-phenylindole (nucleus staining, Vector Laboratories, Burlingame, CA, USA). Omission of the primary antibody served as negative controls. Sections were examined and images were obtained using epifluorescence microscope (Nikon 80i, Tokyo, Japan) coupled to a Nikon DS-2MV camera. FITC (480/30X), TRITC (540/24X) and 4 0 , 6-diamino-2-phenylindole (360/40X) filters were used (filter specifications are given in nanometers and X denotes excitation center wavelength/bandwidth). Adobe Photoshop CS3 (v.8.0, Adobe Systems, Mountain View, CA, USA) was used to superimpose the digital images. Localization and cellular pattern of the staining in the vessel wall was evaluated and the intensity of immunohistochemical fluorescence in the smooth muscle layer was graded (from 1 to 3) by an investigator masked towards the experimental groups of the sections.
Rotating Pole Test for Assessment of Neurologic Function
Gross sensorimotor function (integration and coordination of movements as well as balance) was evaluated by the ability of the rats to traverse a rotating pole, which was either steady or rotating at different speeds (3 or 10 r.p.m.). At one end of the pole (45 mm in diameter and 150 cm in length), a cage was placed with an entrance hole facing the pole. The performance of the rat was scored according to the following definitions: score 1, the animal is unable to balance on the pole and falls off immediately, score 2, the animal balances on the pole but has severe difficulties crossing the pole and moves less than 30 cm, score 3, the animal embraces the pole with the paws and does not reach the end of the pole but manages to move more than 30 cm, score 4, the animal traverses the pole but embraces the pole with the paws or jumps with the hind legs, score 5, the animal traverses the pole with normal posture but with more than 3 to 4 foot slips, score 6, the animal traverses the pole perfectly with less than 3 to 4 foot slips.
All rotating pole tests were performed by personnel masked with regard to experimental groups of the animals. Tests were performed in the morning to minimize diurnal rhythm variation and in a silent room with as few visual disturbing elements as possible.
RESULTS

Dissecting Early Subarachnoid Hemorrhage-Induced Phosphorylation Events in Cerebral Arteries by Mass Spectometry
The application of quantitative MS to investigate early SAHinduced signal transduction has not previously been performed and, we hypothesized that this would reveal novel targets for therapeutic intervention. However, since the recovery of protein extracted from dissected cerebral arteries is relatively low (o100 mg for ten pooled animals), the analytical strategy employed had to be carefully considered. To reveal SAH-induced phosphorylation events, we employed iTRAQ-based quantification and TiO 2 phosphopeptide enrichment combined with hydrophilic interaction liquid chromatography and high resolution tandem MS, providing an effective strategy to monitor hundreds of phosphorylation sites from a low amount of material (o200 mg). 12 We used cerebral artery tissue lysates from three groups; sham, 0.5 hours post SAH, and 1 hour post SAH (n ¼ 10 for each group). The experiment was performed in biological replicate and included analysis of cytosolic and membrane fractions.
A total of 1, 317 unique phosphopeptides were identified at a 1% false discovery rate. A ratio corresponding to the 95% quantile resulted in approximately 1.9-fold change cut-off. However, since the intensity of the observed iTRAQ reporter ions is known to influence quantification precision, i.e., lower signals have higher variability, 16 we used a sliding window script for calculation of the |z-score|, representing the intensity-dependent standard deviation for each phosphosite, and a |z-score|41.96 was regarded a significant change. 15 Furthermore, spectrum quality, peptide identification and phosphosite localization for each phosphosite with |z-score|41.96 were manually validated in addition to phosphorylation site localization using the mascot delta score. Using this approach, 68 unique phosphosites were found to be significantly regulated in SAH (0.5 hours and/or 1 hour post SAH) compared with sham-operated rats. Table 2 lists the regulated phosphosites, their SAH-induced fold changes (log 2 -transformed SAH/sham ratios), and z-scores.
Significantly regulated phosphoproteins were assigned to functional groups based on their associated gene ontology terms and available information in the literature (Figure 1 and Table 2 ). The largest fraction (39.3%) was assigned to focal adhesionassociated proteins. In addition, 13.1% of the regulated phosphoproteins were involved in gene transcription and translation, and another 8.2% were intracellular signaling components, i.e., mainly kinases and phosphatases. Moreover, a number of other cytoskeletal proteins (8.2%) and proteins associated with the dystrophin signalosome (8.2%) were regulated. Finally, proteins involved in more direct regulation of myosin light-chain phosphorylation (9.8%) were regulated, probably reflecting acute SAH-induced vasoconstriction. The majority of the significantly regulated phosphorylation sites shown in Table 2 have not previously been associated with SAH. This highlights the ability of quantitative MS to identify previously uncharacterized phosphorylation events, which may have significant functional roles and be valuable therapeutic targets.
To predict upstream kinases responsible for the SAH-induced phosphorylation events, we performed a kinase motif analysis using the NetworKIN software. 17 A large fraction (21.2%) of the regulated phosphosites resided in the PXp(S/T)P mitogenactivated protein kinase MAPK phosphorylation motif ( Figures  2A-C) , suggesting that many of the SAH-induced phosphorylations are mediated by MAPKs. In our MS analysis, we identified only one MAPK regulated after SAH, namely ERK1, which was increasingly phosphorylated on its two activating phosphosites Thr202 and Tyr204 with a log2-transformed fold change of 2.23 ( Figure 2D ). However, the z-score for this upregulation was below 1.96 (1.2) and it is therefore not included in Table 2 . This early SAH-induced ERK1/2 activation was verified by phosphospecific western blotting ( Figure 3A) , however with large variations in the degree of ERK1/2 phosphorylation between SAH rats, which may explain the low z-score in the MS experiments.
In addition to ERK1/2, we selected a number of other significantly regulated kinases and transcription factors for validation by western blotting. These were the CaMKII, the FAK (both known to interact with the ERK1/2 pathway in some cellular contexts 18, 19 ) and the transcription factors STAT3 and c-Jun (potential downstream mediators of expressional changes involved in the later vasculopathy). We verified SAH-induced phosphorylation of CaMKII at its autophosphorylation site Thr286, indicating CaMKII activation ( Figure 3B ). We also verified the phosphorylation of FAK at Ser910 ( Figure 3C ), a regulatory phosphosite with largely unknown functions. In addition, we demonstrated a relatively weak but clearly detectable SAHinduced phosphorylation of FAK at Tyr397, an autophosphorylation site recruiting downstream signaling effectors ( Figure 3D ). Finally, we verified the observed phosphorylation of STAT3 ( Figure 3E ) and c-Jun ( Figure 3F ), on phosphosites known to promote transcriptional activity. 20, 21 Role of Extracellular Regulated Kinase 1/2 and Calcium Calmodulin-Dependent Kinase II in Early Subarachnoid Hemorrhage-Induced Signaling in Cerebral Arteries The ERK1/2 pathway has earlier been shown to have a central role in delayed expressional changes in cerebral arteries after SAH. 4 To investigate whether our selected panel of SAH-induced phosphorylations occurred downstream of the ERK1/2 pathway, we treated SAH rats with the mitogen-activated protein kinase kinase MEK1/2 (upstream activator of ERK1/2) inhibitor U0126 ( Figure 3A ). U0126 completely prevented SAH-induced phosphorylation of FAK Ser910, but not at Tyr397 (Figures 3C and 3D) . Moreover, U0126 significantly inhibited SAH-induced phosphorylation of STAT3 and c-Jun.
Calcium calmodulin-dependent kinase II has been suggested to have a central role in expressional changes during organ culture of cerebral arteries, sometimes used as an in vitro model of cerebrovascular changes in stroke. 22 However, in our panel of selected SAH-induced phosphorylations, CaMKII inhibition only affected phosphorylation of FAK at Tyr397, most likely an indirect effect since CaMKII is a serine-threonine kinase and Tyr397 is a FAK autophosphorylation site.
Time Course of Selected Subarachnoid Hemorrhage-Induced Phosphorylations
Early SAH-induced signals are potential therapeutic targets only if they remain activated within a clinically relevant time-window for administration of pharmacological inhibitors. We therefore investigated the time course of activation of our panel of selected phosphoproteins over the first 24 hours post SAH. Calcium calmodulin-dependent kinase II, FAK, and c-Jun were no longer significantly regulated at 6 hours and 24 hours post SAH ( Figures  4B, 4C , 4D, and 4F), indicating that these phosphoproteins are only transiently regulated early after SAH suggesting limited potential as therapeutic targets. In contrast, the ERK1/2 and STAT3 phosphosites remained elevated at 6 hours and 24 hours post SAH ( Figures 4A, 4E , 4G, and 4H). STAT3 phosphorylation was strongly inhibited by U0126 at all time points tested.
Role of Extracellular Regulated Kinase 1/2 and Signal Transducer And Activator of Transcription 3 in Cerebral Vasculopathy and Neurologic Deficits after Subarachnoid Hemorrhage
After an SAH, cerebral arteries increase their expression of smooth muscle contractile endothelin B (ET B ) and 5-hydroxytryptamine 1B (5-HT 1B ) receptors and MMP-9, and early activation of the ERK1/2 pathway has already been shown to be involved in these pathologic gene transcription changes. 4 To investigate whether STAT3 is a downstream mediator of these changes, thereby being a possible alternative to direct therapeutic targeting of the ERK1/2 pathway, we compared the effects of STAT3 and MEK1/2 inhibition on cerebrovascular upregulation of ET B , 5-HT 1B, and MMP-9 at 2 days post SAH. Both treatments were given intrathecally starting 6 hours post SAH, since MEK1/2 inhibition has earlier been shown to effectively prevent SAH-induced vasculopathy in this treatment regimen. 7 Figure 5A shows STAT3 inhibition by the employed STAT3 inhibitor in this treatment regimen.
Treatment with U0126 completely prevented SAH-induced upregulation of ET B , 5-HT 1B, and MMP-9, whereas the STAT3 inhibitor completely prevented upregulation of ET B and partially prevented upregulation of MMP-9, but had no effect on the SAH-induced upregulation of 5-HT 1B (Figure 5B ). This suggests that STAT3 is a downstream mediator of some, but not all, SAHinduced cerebrovascular expressional changes mediated by MEK-ERK1/2 signaling. The smooth muscle layer of cerebral arteries undergoes thickening after SAH as a result of vasoconstriction, inflammation, and/or structural remodeling of the vascular wall ( Figures 5C and  5D ). We found that this vascular wall thickening evident at 2 days post SAH was reduced by U0126 treatment but not by the STAT3 inhibitor ( Figures 5C and 5D ). Finally, treatment with U0126 significantly improved neurologic function of the rats at 48 hours post SAH assessed by a rotating pole test, whereas treatment with STAT3 inhibitor had no significant effect in this test.
DISCUSSION
The present study is, to our knowledge, the first quantitative phosphoproteomics analysis of in vivo phosphorylation events in vascular tissue and the only large scale quantitative phosphoproteomic analysis of signaling associated with SAH. We used this approach to dissect early SAH-induced phosphorylation events in cerebral arteries with the goal of identifying possible triggers of later expressional changes involved in SAH-induced vasculopathy and delayed cerebral ischemia. Based on the quantitative phosphoproteomics data we show; (1) predominant hitherto unrecognized acute SAH-induced regulation of focal adhesion complexes and actin cytoskeleton dynamics, including activation of FAK, (2) a central role of early cerebrovascular activation of ERK1/2, which acts as an upstream kinase mediating a large number of early SAH-induced phosphorylation events and has a central role in the later development of cerebral vasculopathy and neurologic deficits, (3) STAT3 is a downstream transcription factor mediating some, but not all, vasculopathological changes induced by ERK1/2 signaling after SAH.
A large research effort has been invested in studying and targeting individual aspects of the complex vasculopathy after SAH, e.g., with vasoconstrictor receptor antagonists and antiinflammatory drugs, 23, 24 but without clinical success. To observe clinical effect, it may be necessary to target a broad range of the pathologic processes in the cerebral vasculature. One possible strategy is to target early signaling events that trigger later expressional changes in proteins involved in the vasculopathy. However, most studies of the role of intracellular signals in SAH-induced vasculopathy have been performed at delayed time points where the initial triggering events may have decayed. Furthermore, those studies investigating the intracellular signals have taken a reductionist approach and only studied a handful of signaling molecules (e.g., kinases) and not identified the functional targets of phosphorylation from a systems wide perspective.
Global proteomic analyses of protein expression changes in diseased vascular tissue have recently been performed, 25, 26 but to our knowledge, phosphoproteomics in native vascular tissue has not been performed earlier. We here demonstrate that this is a strong approach, feasible even when studying acute in vivo phosphorylations using small starting amounts of vascular tissue. The fact that we were able to validate the identified SAH-induced regulation of all phosphosites selected for follow-up analysis, underscores the validity of the phosphoproteomic method. Phosphoproteomic methods beyond those presented in the present study could be applied to further investigate signal transduction after SAH. For example, the activation of kinases could be measured using MS-based multiplexed kinome activity assays. 27 Furthermore, the kinases mediating the majority of the phosphorylation sites identified in the present study are unknown. Recent advances in multiplexed in vitro kinase assays using peptide libraries and MS are exponentially increasing our understanding kinase-substrate relationships. 28 The combination of the present study with further MS-based assays to characterize kinase activities and targets will undoubtedly increase our understanding of SAH-induced signal transduction.
Our analysis uncovered a substantial SAH-induced regulation of proteins associated with focal adhesions. These complexes integrate biochemical and mechanical stimuli, including shear force, cyclic stretch, and contractile state of the vascular wall, into intracellular signals and changes in actin cytoskeleton dynamics, with FAK as a key activator of downstream signals. 29 We demonstrate for the first time regulation of FAK in cerebral arteries after SAH both at the autophosphorylation site Tyr397, indicating kinase activation, and at the regulatory phosphosite Ser910, the latter mediated by ERK1/2 in accordance with earlier studies. 30, 31 Other examples of identified SAH-regulated focal adhesion proteins are Tensin-1 and PDZ and LIM domain protein 1, both linkers between signaling pathways and the cytoskeleton. 32, 33 We classified 39.3% of the SAH-regulated phosphosites to focal adhesions, however this may be an underestimate since some proteins assigned to other functional groups are also known to be involved in focal adhesion-mediated signaling, such as the transcription factor Zyxin 34 and the adapter protein Sorbin. 35 FAK is known to be regulated by a variety of mechanical and biochemical stimuli. 29 We speculate that the dramatic changes in hemodynamic forces acting on the vascular wall during acute SAH may induce FAK activation. Interestingly, a recent study from our laboratory demonstrated that the lack of vascular wall tension during organ culture of cerebral arteries induces smooth muscle FAK activation and downstream ERK1/2 activation, which again induces upregulation of contractile ET B receptors. 36 In support of a similar series of events in SAH, inhibition of the downstream FAK effector Src reduced cerebrovascular ERK1/2 activation and cerebral vasospasm after SAH in dogs. 37 The involvement of early MEK-ERK1/2 activation in later cerebrovascular changes after SAH has been demonstrated in several earlier studies. 4, 6, 7 The present study confirms this role and demonstrates broad and multifactorial beneficial effects of early MEK1/2 inhibition in SAH, including prevention of cerebrovascular ET B , 5-HT 1B, and MMP-9 upregulation and cerebrovascular wall thickening. We suggest that the combination of these vascular effects together restores CBF and leads to improved neurologic outcome. Interestingly, administration of the MEK1/2 inhibitor could be delayed 6 hour post SAH and still have these effects. Thus, early MEK1/2 inhibition prevents multiple detrimental processes within a clinically realistic time-window, and thus represents a promising alternative to treatments targeting individual vasculopathological processes, such as the ET A receptor antagonist, Clazosentan, recently failing a major trial. 24 In contrast to the central role of MEK-ERK1/2 signaling on the regulation of a panel of selected SAH-induced phosphosites investigated in this study, inhibition of CaMKII had only a minor effect on the panel (the only effect seen was a slight inhibition of SAH-induced FAK Tyr397 phosphorylation). However, this does not exclude the possibility that the observed SAH-induced CaMKII activation has a role in SAH-induced cerebral vasculopathy. CaMKII exists in multiple isoforms, and these have been shown to regulate the activation of multiple transcription factors and histone deacetylases in vascular smooth muscle in response to stimulation with e.g., transforming growth factor b 38 and angiotensin II, 39 the latter leading to vascular smooth muscle hypertrophy. Such transcriptional effects of CaMKII activation could potentially influence cerebrovascular structure and function after SAH via mechanisms not revealed within the time-frame and panel of selected molecules investigated in the present study.
The downstream effectors of ERK1/2 in SAH-induced vasculopathy are not known, but the present study reveals a number of SAH-induced ERK1/2-mediated phosphorylation events, which may all represent important downstream events. One of these is STAT3 that we demonstrate is phosphorylated downstream of ERK1/2 at 1 hour post SAH persisting for at least 24 hour. Transcriptional activation by STAT3 involves phosphorylation of two sites: Tyr705 necessary for STAT3 dimerization, nuclear translocation and DNA binding, and Ser727 enhancing recruitment of necessary transcriptional cofactors. 40 An earlier study using an SAH model with blood injection in cisterna magna showed phosphorylation of STAT3 only at Tyr705 at 2 hours post SAH, extending to Ser727 at day 1 to 2 post SAH, 41 whereas we show strong Ser727 phosphorylation at 1 hour post SAH, declining to a lower level at 6 hours and 24 hours post SAH, where it is accompanied by Tyr705 phosphorylation. Regardless of the exact sequence of STAT3 phosphorylations, both studies demonstrate early STAT3 activation in cerebral arteries after SAH. STAT3 phosphorylation on Tyr705 can be induced by Janus kinases and Src non-receptor tyrosine kinases, whereas Ser727 phosphorylation is typically downstream of MAPKs. 40 Thus, STAT3 Ser727 phosphorylation downstream of ERK1/2 has been demonstrated in numerous cell types, [42] [43] [44] and ERK1/2 is thought to be a bona fide STAT3 kinase targeting Ser727. Accordingly, we show that SAH-induced STAT3 Ser727 phosphorylation in cerebral Figure 4 . Time course of selected subarachnoid hemorrhage (SAH)-induced phosphorylations and their dependence on extracellular regulated kinase 1/2 (ERK1/2) and calcium calmodulin-dependent kinase II (CaMKII) activity. (A-F) Band chemiluminiscence intensity quantifications presented as means±s.e.m. of the ratios between phosphorylated and total protein amounts for sham-operated rats (set to 100% at each time point) and SAH rats treated with either vehicle, mitogen-activated protein kinase kinaseinhibitor U0126, or CaMKII inhibitor KN93 terminated at 1, 6 or 24 hours after SAH or sham-operation. n ¼ 4 to 5 rats in each group. (G, H) Representative immunoblots of ERK1/2 and signal transducer and activator of transcription phosphorylation in rats terminated 6 or 24 hours after SAH/sham operation.
arteries is ERK1/2-dependent; however, our data do not allow us to conclude on further upstream events. The two STAT3 phosphorylation events (Ser772 and Tyr705) may be induced downstream of separate or common upstream events, and they may be regulated by different upstream events at different time points post SAH.
We investigated STAT3 as a possible downstream alternative to direct targeting of the MEK-ERK1/2 pathway, perhaps less prone to adverse effects. This is, to our knowledge, the first study to evaluate the effects of a STAT3 inhibitor in an SAH model. However, STAT3 inhibition only partially mimicked the effect of MEK-ERK1/2 inhibition on expressional changes in cerebral arteries after SAH. Most importantly, STAT3 inhibition did not, like MEK1/2 inhibition, reduce cerebral artery wall thickness and neurologic deficits, suggesting that the broad effect of MEK1/2 inhibition on a range of proteins involved in cerebral vasculopathy is central for improving these composite endpoints.
In conclusion, our data reveal a strong acute SAH-induced regulation of focal adhesion complexes and actin cytoskeleton dynamics as well as activation of a number of kinases and transcription factors in cerebral artery tissue. Our follow-up analysis highlights the MEK-ERK1/2 pathway as a promising therapeutic target for prevention of delayed vasculopathy and cerebral ischemia after SAH. Moreover, our data suggest that STAT3 functions as a downstream mediator of some, but not all, vasculopathological changes triggered by ERK1/2 activation. Finally, this study reveals the feasibility, power, and utility of a phosphoproteomic approach to studies of cerebrovascular injury.
